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The jarosites make up the most studied family of kagome antiferromagnets. The flexibility of the 
structure to substitution of the A and B ions allows a wide range of compositions to be synthesised 
with the general formula AB3(S04)2(OH)6 (A = Na+, K+, Ag+, Rb+, H3O+, NH^, ^Ba.^+ , and 
|Pb^'''; B — Fe^^, Cr^^, and V''"''). Additional chemical tuning of the exchange between layers is 
also possible by substitution of the (SO4) ~ groups by (Se04)^" or (Cr04)^". Thus, a variety of 
5* — 5/2, 3/2, and 1 systems can be engineered to allow study of the efl'ects of frustration in both 
the classical and more quantum limits. Within this family both conventional long-ranged magnetic 
order and more exotic unconventional orderings have been found. This article reviews the different 
types of magnetic orderings that occur and examines some of the parameters that are their cause. 



PACS numbers: 75.25.-hz, 75.30.Et, 75.30.Gw, 75 
I. INTRODUCTION. 

Research in frustrated magnetic systems follows two 
main directions. In the first, the effects of frustration 
are studied in systems that show otherwise conventional 
behaviour. Rather than being simply a study of the 'soft 
modes' that are characteristic of frustrated magnetism, 
these investigations can reveal fundamental differences 
in magnetic properties and their causes. The other, 
and frequently more pursued, direction is the search for, 
and study of, new and unconventional types of magnetic 
ground states. Particular effort in the study of frustrated 
magnetism is made on systems where the magnetic ions 
make up the kagome and pyrochlore geometries. This is 
because the frustration of their triangular motifs is am- 
plified by the vertex sharing topology, and is at such a 
degree that the conventional Neel -type of long-range or- 
der is not expected to occur even at T = in the S = ^ 
nearest-neighbour systems. 

In this article a review is made of the observed mag- 
netic properties of different members of the jarosite fam- 
ily. These present examples of systems in which the 
kagome lattice of magnetic ions can be decorated by ions 
with a variety of spin states. They therefore provide ac- 
cess to the effects of frustration in classical and more 
quantum regimes, as evidenced in the low-temperature 
properties of both the members that possess long-ranged 
spin structures, and of those that show more unconven- 
tional orderings (Table |). 

II. THE ALUNITE AND JAROSITE FAMILIES 

In mineralogical terms, the jarosites are a subfam- 
ily of the alunite group. This is a series of composi- 
tions with the formula AB3 (804)2 (011)6 (where A ~ 
Na+, K+, Ag+, Rb+, H3O+, NH+, ^Ba^+, and ^Ph^+; 
and B=AP+ and Fe'^+); alunite itself has the formula 



.50.Ee, 75.50.Lk. 

KAl3(S04)2(OH)6 .0 While in mineralogy the jarosities 
are the Fe members of this series, the term has been ex- 
panded by physicists to include the magnetic members p£. 
this series, i.e. those where B=Fe^+, Cr^+ and V^+.EI"E£| 
Thus, within the jarosites series the spin states can be tai- 
lored by chemical methods. Diamagnetic dilution studies 
can also be made in which a non-magnetic ion, t puch . as 
AP+ , Ga^+ , or ln^+ , is substituted onto the B site.llay In 
addition to this versitility in engineering various kagome 
systems, control can also be exercised over the details of 
the interplane magnetic exchange by replacement of the 
SO^- ion by CrO^", or SeO^^.Ea 

FIG. 1. The crystal structure of jarosite, KFe3(S04)2(OE[)6. 
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III. CRYSTAL STRUCTURE. 

The crystal structujLC of the majority of the jarosites is 
depicted in Figure |l|.EZl While there has been discussion 
over whether the actual space group is i?3m or i?3in, 
the latter is now the generally accepted symmetry. A 
notable exception to this is Pbo.sFca (804)2 (0H)6, where 
segregation of the Pb^"*" ions into mostly full and empty 
layers leajda to a doubling of the unit cell along the c- 
direction.ll3 However, no other deviation away from the 
rhombohedral jarosite structure is shown in this material. 

The most important features for the magnetic prop- 
erties are the three kagome layers of Fe"^"*" ions with the 
hexagonal stacking sequence ...ABC... The details of the 
intraplane and the interplane exchange will be examined 
separately in Sections IVA and [VB, 



IV. FE COORDINATION AND EXCHANGE 
PATHWAYS 

The magnetic Fe"^+ ions are coordinated by a distorted 
octahedron made up of 4 equatorial hydroxy and 2 ax- 
ial sulfate group oxygens, as shown in Figure |: selected 
bond distances and angles are given in Table ||. The 
octahedra are tilted with respect to the crystallographic 
c-direction, and it is this canting that defines the axis of 
any Ising single-ion anisotropy for the B'^+ atoms. XY 
anisotropy is similarly defined by the plane of the 4 hy- 
droxy groups. 



A. Intralayer coupling 

As shown in Figure ^, simple distance arguments in- 
dicate the strongest intralayer superexchange between 
nearest-neighbour B atoms is a pairwise interaction that 
takes place via a shared hydroxide group with a bridg- 
ing angle of close to 133°. Unfortunately, the complexity 
of the superexchange at a non-linear or non-orthogonal 
angle prevents an explanation from being made of the 
exchange observed in these systems. 

Also possible is exchange via the sulfate group (labelled 
S in the Figure). This is likely to be far weaker than 
that mediated by the bridging hydroxy group because 
it involves a greater number of chemical bonds. In the 
jarosite structure this sulfate is shared in the same way 
between the three B octahedra of a kagome triangle, and 
so it will act to equally couple the three magnetic atoms 
of the triangle. 



to those within the plane: in (H30)Fe3 (804)2 (0H)6 the 
nearest neighbour B — B distance 3.66 A, whereas the dis- 
tance between kagome layers is 5.94 A. The exchange be- 
tween the kagome layers is therefore anticipated to be far 
weaker than that within a layer from simple arguments 
of distance and the number of chemical bonds involved in 
the superexchange (Figure |^) . Despite its relative weak- 
ness, it is apparent from the different propagation vectors 
observed in KFcg (804)2 (0H)6 and KFe3(Cr04)2(OH)6 
that the interlayer coupling involving the XO4 ion plays 
a definitive role in the observed magnetic structure. 

In a recent work, symmetry analysis has been used 
to determine the stability conditions of the differ- 
ent magnetic structures observed in the jarosites.EJ In 
terms of an exchange constant relating the nearest B'^+ 
atoms of neighbouring layers, it has been found that 
the different k = QOJ spin configurations observed, 



in KFea (804)2 (OD)f^fl and (H30)V3(S04)2(OH)6&il 
are stabilised by ferromagnetic and antiferromagnetic 
exchange respectively, while the k = 00£L spin 
structure observed|-jn both KCr3 (804)2 (00)60 and 
KFe3(Cr04)2(OD)6lB is stabihsed by antiferromagnetic 
coupling. 

FIG. 2. The distorted octahedral coordination of the B'^"'" 
atoms, and their connection via a shared hydroxy oxygen. 
The third coordination octahedron has not been highlighted 
for clarity. Definitions of atom labels are made for Table 0. 
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FIG. 3. The linkage of the distorted coordination octahe- 
dra around the B"^^ to form the kagome lattice. 



B. Interlayer coupling 

The expectation that the jarosites could be tailored 
into providing good model kagome systems comes from 
the large separation of the kagome planes, with respect 
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C. Effects of A cation 

The marked difference in the responses of hydronium 
jarosite from the other iron jarositeaalj'cl indicates that 
the A cation is capable of having a profound influence 
on the low-temperature magnetic properties of these sys- 
tems. This is most likely a consequence of the non- 
spherical symmetry of the HsO^ ion and its ability to 
hydrogen bond with some of the 12 sulfate group oxy- 
gens that coordinate the A site. When the H3O ions are 
no longer orientationally mobile, as is the situation at 
low temperature, these hydrogen bonds will create inter- 
actions between neighbouring sulfate groups that are not 
present in the other jarosites. Due to the complexity this 
would generate, it is not yet clear if they will act to hinder 
or improve the interlayer exchange. However, the large 
difference in the magnetic properties of the hydronium 
jarosite from those of the monatomic ions, even for com- 
positions with the same Fe atom occupation,El suggests 
that there is indeed a disruption of simple interlayer ex- 
change couplings, and concomitantly a destabilisation of 
any long-range ordered state that they would induce. 

That the ammonium saltQ behaves like the other spher- 
ical A-site metals, suggests that its hydrogen bonding is 
either less disturbing, or of a lesser consequence, than 
that of H3O. Further studies are required before the ef- 
fects of the A cation can be understood. 



V. INFLUENCES OF NONSTOICHIOMETRY. 

It is well known that the jarosites are subject to non- 
stoichiometry on both the A and the B sites. Deficiency 
of the A metal or ammonium cation is charge compen- 
sated for by incorporation of H3O+ ions onto the A site, 
so that the site occupation remains essentially at unity.E£l 
The extreme limit of this situation is of course the hydro- 
nium salt itself. Under-occupation of the B site results in 
protonation of the hydroxy groups in the structure. As 
these groups play the dominant role in the mediation of 
the superexchange between the metal centres, it is con- 
ceivable that such disorder and the associated random- 



ness in the exchange interactions, could have important 
consequences for the magnetic properties. 

FIG. 4. Exchange paths between the kagome layers in the 
jarosite structure. 




VI. CONVENTIONAL ORDERINGS 

Long-range magnetic structures with the propagation 
vectors[| k — 000 and k ~ 00| have been observed in the 
jarosites (see Table |). Representational Analysis calcu- 
lations have shown that there are only 3 non-zero irre- 
ducible representations for the 9d B'^^ site and that the 
basis vectors associated with them are identical for both 
values-6jf the propagation vector; they are shown in Fig- 
ure ||.ta These calculations show that for both of these 
values of k, the same inplane spin configurations are al- 
lowed, and that the relation between moments in suc- 
cessive kagome layers is determined simply by the value 
of k: in the case of k=0, the moments related by unit 
translations of the primitive cell are ferromagnetically 
aligned, while those for k — 00| are antiferromagneti- 
cally aligned. 

The basis vectors for the unrepeated first order irre- 
ducible representation, here labelled Fi, correspond to 
a 120° structure in which the moments are fixed along 
particular crystallographic axes. Those of the doubly- 
repeated irreducible representation, Fa, form an umbrella 
structure made up of a 120° configuration, in which the 
in-plane component of the spins are related by 60° to 
those of Fi, and a ferromagnetic component along the 
crystallographic c- axis. 



*both propagation vectors and Wyckoff labels refer to the 
non-primitive hexagonal setting of 7?3m 
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It is notable that both these 120° structures possess 
a uniform chirality, k = +1. Where n is defined as the 
pairwise vector product clockwise around a triangle: 

K = j-^ [Si X S2 + S2 X S3 + S3 X Si] , (1) 

Thus, it is a consequence of symmetry, rather than 
anisotropyfl, that the q = spin configurations with k 
= — 1 are forbidden. 

The third irreducible representation, Fg, is 2 dimen- 
sional and is repeated 3 times. This leads to a total of 
6 basis vectors which describe in general a complex spin 
configuration. However, conjugate pairing on these basis 
vectors leads to only 3 being required to describe all the 
possible orderings under this irreducible representation. 
Notably, coplanar ordering under this representation in- 
volves non-spin compensated triangles, i.e. 



(2) 



Where the sum is over the moments of an individual tri- 
angle. There is therefore a net moment associated with 
each of the kagome planes. 




• up 

O down 



FIG. 5. The motifs for the different basis vectors for the 
non-zero irreducible representations of the point group D^^ 
at the B site for the propagation vectors f*i=0 and k= 00 1 
The labelling scheme follows that for k=0.tj 



B. k = 00| 



Ordering with this propagation vector is found in the 
majority of the iron jarosites (AFe3(S04)2(OD)6, where 
A = Na+ , K+ , Ag+ , Rb+ , T1+ , H3 0+ , and ND^ ) and the 
vanadium salt (H30)V3(S04)2(OH)6. In all the Fe com- 
positions, ordering under the r*epeated first-order rep- 
resentation is again observed. Ej Hydronium vanadium 
jarosite in-contrast, shows ordering under the represen- 
tation Fg.y 

At present there are still questions over the details 
of the ordering transitions in the iron jLaxnsites as some 
samples exhibit tjSYO ordering transitionsHu'El while others 
display only one.U Recent refinement of neutron powder 
diffraction data collected from KFe3 (804)2(00)6 have 
shown that in the samples with two transitions the in- 
termediate phase is an umbrella structure based on r3. 
Muon Spin Relaxation (MuSR) experiments revealed the 
presence of large fluctuations in this intermediate struc- 
ture that-^educe the size of the ordered moment. Harri- 
son et alEi confirmed the absence of an out-of-plane com- 
ponent to the ordering by single crystal neutron diffrac- 
tion from a natural sample using the technique of spheri- 
cal polarisation analysis, and demonstrated by powder 
neutron diffraction that the lower-temperature transi- 
tion, in which the moments drop into the kagome j>\a,ne, is 
disrupted by disorder on the magnetic B sites .0 The dis- 
play of a single transition is therefore likely to be conse- 
quence of sample nonstoichiometry. As the out-of-plane 
component of the intermediate phase is not stabilised by 
exchange interactions, it suggests the presence of some 
other influence, such as Ising single-ion anisotropy. It is 
however difficult to imagine that this anisotropy changes 
to being XY so close to the first ordering temperature 
(in KFe3(S04)2(OD)6, Tci=64.5 K and Tc2^57 K), and 
the reasons for the second transition are consequentially 
still unclear. 

The magnetic structure observed in 
(HsOlVs (804)2 (0H)6 will be discussed later in Section 
VII C as its origins appear to be unconventional. 



A. k = 000 

Magnetic ordering with the magnetic cell the same 
size as the nuclear has been observed in the compasi-. 
tions KFe3(Cr04)2(0D)6O and KCr3(S04)2(OD)6Bta 
In both cases it is believed that the nearest neighbour 
antiferromagnetic exchange results in a 120° spin struc- 
ture, while some secondary interaction such a single- 
ion anisotropy leads to a small canting of the moments 
along the c-axis. The presence of such a ferromagnetic 
component in a system with antiferromagnetic nearest- 
neighbour interactions is compatible only with ordering 
under the repeated first-order representation, F3. The 
general structure may thus be described by an umbrella 
mode involving some linear combination of the two basis 
vectors. 



VII. UNCONVENTIONAL ORDERINGS. 

This section presents a brief review of the unconven- 
tional orderings observed in the jarosites as a function of 
the different spin values. 

A. S — ^ Topological Spin Glass. 

The most studied member of the jarosite series is the 
hydronium salt (H30)Fe3 (804)2 (OH)a-jw|iich is an ex- 
ample of an unconventional spin glass E'BallJ Before de- 
scribing its responses, it is useful to examine the oc- 
curence of glassy magnetic phases in geometrically frus- 
trated antiferromagnets. In relation to the undercon- 
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strainRd, lattices, this possibility was first studied by 
VillainEd, who noted that the high degeneracy of the mag- 
netic pyrochlore sublattice of the B-site of the spinels is 
robust to the introduction of a small degree of disorder. 
This conclusion can be trivially extended to the kagome 
antiferromaget, and so establishes that small amounts of 
disorder should not give rise to a spin glass phase. Villain 
further noted that if the degree of disorder was sufficient 
to break the degeneracies present in the system, then the 
spin glass-like state that would result would not neces- 
sarily be typical as the large degree of frustration in these 
systems could still lead to unconventional physics. There 
is therefore a question that hangs over any unconven- 
tional spin glass phases observed in the highly frustrated 
lattices: are they the result of disorder in the sample, 
whether related to sites or bonding (exchange) ? 

With an occupation of the magnetic sublattice of ~ 
97 %, the degree of site-disorder present in hydronium 
jarosite is not expected toJse at the level required to sta- 
bilise spin glass behaviourJj The vitreous magnetic phase 
observed at low temperature is ergo quite remarkable. 
Measurements of the thermodynamic and kinetic prop- 
erties confirm its notability as they indicate clearly that 
the glassy magnetis phase seen below a critical transi- 
tion at Tg ~ 17 WlJ iSpUnlike those of conventional site- 
disordered spin glassef£3: the magnetic contribution ta 
the specific heat follows a relation with temperature,^ 
as opposed to the linear law typical of site-disordered 
systems, and the temperature dependence of, the out- 
of-equilibrium dynamics is remarkably weak.E3 The lat- 
ter provides interesting information about the spin glass 
state itself: if the relaxation of a spin glass is envisaged as 
involving the movement towards some equilibrium value, 
these results indicates that this equilibrium state changes 
far slower with temperature in hydronium jarosite than 
in conventional spin glass systems, a situation that is in- 
triguing reminiscent of a system moving through a highly 
degenerate ground state manifold. 

Polarised neutron powder diffraction studies of 
(D30)Fe3(S04)2(OD)6 have shown that despite a freez- 
ing temperature of Tg ~ 17 K, short-ranged correlations 
are present at temperatures as high as 250 K, demon- 
strating the difficulty with which the moments are 
freezingBj'tJ The depression of the freezing tempera- 
ture with relation to the exchange energy is compati- 
ble with suggestions of the freezing being a consequence 
of a new energy scale — a reduced Kosterlitz-Thouless 
temperatjipe — that approximates to 6'/48 for an XY 
system.E3'c3 The magnitude and spatial extension of the 
correlations increase only gradually with cooling, until 
they reach an apparent saturation value of ^ 10 A at 
1.5 K. 

Another unorthodox feature of this unconventional 
spin glass state is its fragility. In sharp contrast with site- 
disordered spin glasses, where an increase in disorder has 
only a small effect on the magnetic properties, in hydro- 
nium jarosite a deliberate increase in the level of disorde* 
to ~ 10 % is found to induce long-range magnetic order 



This is an example of 'order-by-disorder',E3~E3 where in- 
creased disorder acts to stabilise the formation of long- 
range Neel order with respect to a spin glass state. 

While the question of the influences of disorder re- 
mains unanswered in (H30)Fe3 (804)2 (0H)6, the uncon- 
ventional nature of the observed spin glass phase is man- 
ifest. It is clear that the origins of the spin glass state 
itself and these unconventional properties are related to 
the frustrated topology of the kagome lattice. This has 
lead ixuhydronium jarosite being termed a topological spin 
glass!^ 

B. S = I Highly Fluctuating Ground States. 

The apparent nonconformity of the magnetic prop- 
erties of the hydronium jarosites when compared with 
the other Fe jarosites holds true also for the chromium 
analogue. While KCr3(Sp4)2(OD)6 shows a tran- 
sition to long-range orderO, albeit with a greatly 
reduced sublattice magnetisation, due to the pres- 
ence of quantum fluctuations, hydronium chromium 
jarosite (Ifop)Cr3(S04)2(OII)6 displays quite different 
behaviour .Ej Despite strong antiferromagnetic exchange 
{9 ~ —60 K), at low temperatures only a broad feature 
corresponding to the onset of short-ranged correlations 
is observed at ~ 30 K in the dc susceptibility, before 
a small ferromagnetic transition at 2.2 K. The ferromag- 
netic nature of the correlations involved in this transition 
is confirmed by the field-dependence of the specific heat 
data below ~ 5 K. The magnetic entropy associated with 
the low temperature transition is only 5.4 % is the value 
expected for a = | system and suggests the presence 
of extensive quantum fiuctuations. 

C S = 1 Unconventional long-range order. 

The = 1 kagome system (H30)V3 (804)2 (0H)6 has 
been shown to possess long-range order below a criti- 
cal transition of Tc — 20 K.E3o However, the magnetic 
structure observed is remarkable because despite the non- 
zero exchange field experienced by each moment, sorae 
are orientated such as to nullify their exchange energy.Eil 
It therefore appears that simple arguments of the long- 
range order being the result of minimised exchange en- 
ergy cannot explain the formation of this ground state 
configuration. Rather, recent work has suggested that it 
is the result of a particular combination of ferromagnetic 
nearest- neighbour exchange and Ising anisotropics. No- 
tably, these are precisely the types reauired to stabilise 
a spin ice phase on the kagome lattice.tEl 

the additional degeneracies that are afforded by these 
particular spin orientations appear to be the cause of 
their stabilisation. 
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VIII. DISCUSSION AND CONCLUSION 

There are still numerous questions concerning the ef- 
fects of nonstoichiometry and how substitution of the 
different ions influences the magnetic exchange in the 
jarosites. In particular, the reasons for the apparent dis- 
tinction of the hydronium salts remains unclear. Un- 
fortunately, these questions are difficult to answer ex- 
perimentally because synthetic limitations require that 
the majority of experiments are carried out on pow- 
ders. Inferences made from the materials that show more 
comprehensible long-range orderings are consequently 
important in aiding understanding of those that show 
more unconventional order. This is well exemplified by 
the apparent planar anisotropy at low temperature in 
KFe3(S04)2(OD)6. Its observation is important, as such 
an anisotropy is required by a theoretical model of an 
unconventional fpifh glass ground state on the kagome 
antiferromagnet .Ejcj 

As this paper has shown, the members of the jarosite 
family display a wide variety of interesting physics. The 
unconventional spin glass, highly fluctuating, and uncon- 
ventional long-range magnetic orderings show well differ- 
ent influences of frustration that are still far from being 
explained. It is hoped that this review will incite further 
work on these intriguing materials. 
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TABLE I. Values of the intercept of the inverse suscep- 
tibility with the temperature axis 9, the exchange constant 
J, the critical temperature Tc, and order types for vari- 
ous members of thei-family AB3(X04)2(OH)6. As series ex- 
pansion calculationsJ'Q indicate that a modified form of the 
Curie- Weiss law holds below T ~ JS{S + l)/k, J is calcu- 
lated from 6 = —2JS{S + l)/fcs for the Fe jarosites, while 
the conventional mean field result 6 — — (4/3fc_B) J5(S + 1) is 
used for the other compositions. 



Formula 



e /K J /K Tc /K 



NaFea (804)2 (OH)6 -730 41.7 

NaFeg (804)2 (OH)6 -667 38.1 

KFe3(804)2(OH)6 -700 40.0 

KFe3(804)2(OH)6 -663 37.9 

(NH4)Fe3(S04)2(OH)6 -670 38.3 

(ND4)Fe3(S04)2(OD)6 -640 36.6 

Pbo.5Fe3(S04)2(OH)6 

TlFea (804)2 (0H)6 

AgFe3 (804)2(00)6 -677 38.7 

RbFe3(S04)2(0D)6 -688 39.3 

(D30)Fe3-.Aly (804)2(00)6 -720 41.1 



60, 54 
62, 42 
65 

64.5, 57.0 
61.7, 57.1 
62, 46 



51 
47 
41.1 



Ordering type B,ef. 

l3 



= 00^ 
= 00| 
= 00| 
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= 00| 

= oo| 
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(D30)Fe3(804)2(OD)6 


-700 


40.0 


13.S 


KFe3(Cr04)2(OH)6 


-600 


34.2 


65 


KCr3(804)2(OH)6 


-70 


14 


1.6 


(H30)Cr3(804)2(OD)6 


-78 


15.6 


1.2 


(H30)V3(804)2(OD)6 


-45 


9 
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TABLE IL Selected bondi-i lengths and angles for 
(H30)Fe3(804)2(OH)6 at 1.5 K.eI 

Bond Bond length (A) Bond Angle (°) 

Fe— Fe 3.66228 (6) 

Fe— 0(2) 2.0374 (19) 

Fe— 0(3) 1.9921(8) 

8— 0(1) 1.492 (5) 

8— 0(2) 1.4495 (26) 

0(2)— 0(3) 2.8236 (15) 

0(2")— 0(3) 2.8750 (27) 

0(3)— 0(3') 2.8103 (33) 

0(3')— 0(3") 2.8240 (20) 

0(2)— 8— 0(2') 110.83 (23) 

0(2)— 8— 0(1) 108.08 (24) 

8— 0(2)— Fe 129.265 (8) 

Fe— 0(3)— Fe' 133.625 (1) 

0(2)— Fe— 0(3) 88.968 (13) 

0(3)— Fe— 0(3') 89.721 (13) 

0(3')— Fe— 0(3") 90.279 (19) 
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